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Summary

100 kHz core loss and magnetization properties of sample transverse magnetically annealed, cobalt-based amor-

phous and iron-based nanocrystalline tape wound magnetic cores are presented over the temperature range of- 150

to 150 °C, at selected values of Bpeak. For B-fields not close to saturation, the core loss is not sensitive to tempera-
ture in this range and is as low as seen in the best MnZn power ferrites at their optimum temperatures. Frequency

resolved characteristics are given over the range of 50 kHz to I MHz, at Bpeak = 0.1 T and 50 °C only. A linear per-
meability model is used to interpret and present the magnetization characteristics and several figures of merit appli-

cable to inductor materials are reviewed. This linear modeling shows that, due to their high permeabilities, these

cores must be gapped in order to make up high Q or high current inductors. However, they should serve well, as is,

for high frequency, anti ratcheting transformer applications.

Introduction

In most power converter and inverter circuits that utilize magnetic components, the inductors and transformers are

a major contributor to mass and bulk. With internal operating frequencies of such aerospace power conditioners now

being about 100 to 500 kHz, the magnetics losses nevertheless remain an order of magnitude below the total losses in

the solid state switches and diodes. At this level, the magnetics losses detract less than 1 percent from an overall con-

version efficiency that can reach 95 percent.
The concern to minimize losses at even the lowest levels arises from the multiplicative composition of the effi-

ciencies of power processing blocks, chained in series and delivering a specified load power PIoaa" Thus the overall

efficiency of a chain is e ---(e 1 • E2 • ... • En) and generates a power loss of (e-1 - 1)Pload. The loss power usually
amounts to waste heat that adds to the size of the heat rejection apparatus in aerospace applications.

The loss contribution of any one processor depends on its location in the chain: The 'inefficiency' 8 i -- 1 - ei of

the i th processor from the start of the chain contributes

Ploss, i = Pload cSi / (E:i" ei+l "'"" Cn) (1)

to the losses, or input power. And its differential contribution is

Pload dSi

dPIoss, i = [,gi+l -....E n ) E2 (2)

One can verify that

as expected, and also note the special cases

n

ZPloss, i =Pload "( E-I --!) ,

i=l

and

(3)

Ploss, I = Pload 51 [ C (4)

dPloss, I = Pload dSI / (C El ) • (5)
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TheoverallefficiencyEwilloftenbeconsiderablylessthanunity,amplifyingtheeffectof51themost.
Andthisconsiderationisfurtherconstrainedbyaconsensusthat'progress'requiresbothsystemmassandindi-

vidualbuildingblock,i.e.,converter,masstobeminimized.Apercentefficiencygainissignificantandvaluablein
advanccdpowerconditioners,whereasadevicethataddsmasstoachievethisishardtosell.Thusinthecontextof
aerospaceapplications,amagneticmaterialthatcanmaintainalowercorelossovertheapplicabletemperaturerange
canprovideabasisfornosingoutthecompetition.

Amorphousribbonsofcertainmetallicalloys,usuallybasedonCoand/orFe,arewellknowntoexhibitextremely
lowcoreloss(refs.I and2),thatisaslowasthatofthebestferritesintheabovefrequencyrangeandnowherenearas
temperaturesensitive.Moreover,theirB-Hcharacteristicscanbecontrolledfromhighlysquaretolinearbymagnetic
annealand,insomecases,bypartialrecrystallization.Instabilityofmagneticallyinteractivedefectsintheamorphous
structurecontributestotheveryloweoercivity.Nearzero(_.s<0.txl0m)saturationmagnetostrictioncanbeobtained
inthcCo-basedribbons.Andtheseamorphousmaterialshaveaplasticyieldstrength5to10timesthatofsaytheeom-
pctingcrystallineNi-Femagneticmaterials(Permalloys,50_Ni-Fe),makingthemagneticpropertiesoftheamorphous
tapesinsensitivetoroughhandling.It hasbeenrecognizednowforoveradecadethattheseamorphousribbonsortapes
representanadvancedtechnologypermittingnewsolutionsforhighfrequencyaerospacemagnetics.

Sample Cores

This work presents the core loss and magnetization properties of a few sample amorphous and partially recrystal-

lized ('nanocrystalline') tape wound cores. Most of the data was taken at 100 kHz (sinusoidal) over the temperature

range of +150 °C, at selected peak B-fields (Bpeak, or Bp). Core loss and magnetization data is also presented as a func-

tion of frequency, but onty for Bp= 0.1 T at 50 °C. Although not exhaustive, this data is sufficient for an overview and
some design decisions. It is also more detailed than what is available in the literature.

Unpackaged cores, listed in Table I, were obtained from Vacuumschmehze GmbH. They are representative of

commercially available, competitive types and are not intended to be a specific endorsement. These cores fit in a nomi-

nal size group specified by H = 0.25 in., ID = 1.00 in., and OD = 1.25 in., although their actual dimensions deviated

slightly. Stated tape thickness for the 6025F and 500F materials was about 23 I.tm (0.91 mil) and about 17 _tm

(0.67 mil) for the 60301:: material.
The 6025F is a Co-based, rclatively low saturation induction (Bs), very low core loss, high permeability, transverse

magnetically annealed type, intended for fast pulse transformers and common mode chokes. The 6030F is also a Co-

based, low core loss, transverse magnetically annealed material, but with a lower permeability, a lower temperature

sensitivity, better linearity and a higher B s. The 6030F is intended for power and pulse transformers that require a low
remanent induction. The 500F is a low core loss, Fe-based material of unspecified composition and anneal. Most likely

it is an Fe-Si-B based, partially recrystallized metallic glass having a very fine grain structure of nanometer sized bcc

Fe crystals throughout the bulk, that has been subjected to a transverse magnetic anneal. Its composition thus may be

similar to that of the Hitachi Metals, Ltd. Finemet alloy (Fe73.sCulNb3Si13.sB9) (ref. 3), where the simultaneous pres-
ence of both Cu and Nb is known to enhance the soft magnetic properties of this optimally annealed, partially recrystal-

lized amorphous, Fe-Si-B based alloy. Also, the possibility of extra surface recrystallization to induce a compressive

stress magnetic anisotropy in the bulk, perpendicular to the surface of the ribbon, exists (ref. 4). According to the
manufacturer, the 500F is a high permeability, flat B-H loop material, having extra thermal stability and intended for

high frequency inductor, transformer and common mode choke applications. The L s is specified to be less than 0.2 ppm
for the 6025F and 60301= materials, and less than 0.5 ppm for the 500F. However, no measurements of ;ks were made in

this work.

Measurement Technique

Bare cores were placed in thin walled aluminum cases that were closed on top by an insulating washer. Cursory

checks showed that the eddy currcnt losses in these cases were negligible under the measurement conditions. This

arrangement permits the cores to be tested over a wide temperature range without adverse effects from an encapsulant.

However, an undamped core does permit the buildup of magnetostrictive resonances in cases where such could be

significant.
Data consisting of waveforms of the current in a primary exciting winding and induced voltage in a secondary

sense winding were recorded by a digitizing oscilloscope. The current sensor was a Pearson model 2877 current
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transformerandtheoscilloscopewasaTektronixmodelTDS540.Thesecondaryvoltagewassenseddifferentially,
simplybychannelsubtraction.Thedrivingamplifierwasapush-pullarrangementoftwoApexmodel19Ahighpower
operationalamplifiers.At times a parallel tuning capacitor was used to relieve the amplifier from handling reactive
current. With 3 well matched oscilloscope probes, in most cases this setup provided data accuracy better than 5 percent

to at least I MHz and losses of the order of 1 part in 100 VIA product could be resolved. Depending on the frequency

and Bmax, either 5- or 10-turn windings were used. This type of measurement setup has been reported in a NASA soft
magnetic materials evaluation program (ref. 5), as well as in published literature (ref. 6). A new variation was the use

of a gated signal burst, either in a single shot or a repetitive averaging mode, to decrease the duty cycle. Core tempera-

ture then could be held accurately constant while measuring very high core losses.

Core Loss Characteristics

Temperature resolved specific core loss data at 100 kHz is presented for the 3 materials mentioned in figure 1. At

the selected values of Bp, the curves naturally fall into triplet groups. At low temperatures, the lowest curve in each
group is for the 6025F material, the next higher being for the 6030F and the highest being for the 500F. Magnetic satu-

ration eliminates the 6025F from the Bp = 0.7, 1.0 T groups and the 1.0 T group has only the 500F.
Several observation are apparent from this data. First, the core loss is rather constant with temperature over a span

of 300 °C, at least at the lower Bp, which is similar to the properties of low loss Ni-Fe crystalline materials, such as
Supennalloy.

As the temperature increases, the core loss of a material can start to increase disproportionately. Presumably this is

due to the onset of magnetic saturation and is very prominent in figure 1 for the 6025F, which has the lowest Curie

temperature Tc as well as the lowest B s. As Bp is increased, the effect becomes prominent also for the 6030F, which

has the next higher T c and B s. Thus, as concerns losses, temperature effects can significantly influence, or even reorder,

the relative ranking of these materials at values of Bp and temperature which are within tolerable limits. These limits
are of course circumstantial. In previous NASA reports, a steady core loss exceeding about 1.7 W/cm 3 has been consid-

ered impractical, from the standpoint of heat removal. Long term operation of a 60251:: core at 150 C would likely

cause magnetic degradation, because magnetic anneals are usually performed at a temperature near Tc-

Finally, the 100 kHz core loss of these amorphous and partially amorphous materials is indeed low. For compari-
son to a lowest loss crystalline material, the 100 kHz core loss of 17 Itm (0.67 mil) Supermalloy tape at 0.1 T is esti-

mated to be 135 mW/cm 3. The only competition comes from certain low loss MnZn type ferrites, which can have

comparably low losses: about 50 mW/cm 3 at 100 kHz and 0. ! T. However, the losses in ferrites are very temperature

dependent and the 50 mW/cm 3 value only holds over a narrow temperature range.
Due to the limited scope of this experimental study, a frequency scan of the core loss was performed only at 50 C

and a Bp of 0. I0 T. Such data is of course valuable for broad band transformer applications and especially to evaluate
the figures of merit of the material for resonant and filter inductor applications. Figure 2 shows the data obtained for the
3 materials to be the roughly straight lines usually seen for such log-log plots. Estimates of these core loss curves for

other values of Bp can be made by a parallel shift of the curves in figure 2, based on the data versus at 100 kHz (fig. 1).
Using least squares fits to the data, the following estimates of Pc were obtained:

'_"_'_176
6025F: Pc = 2.44Bp-'f '

6030F: Pc = 1.32Bp '°8f186

500F: Pc = 1.87Bp 09f181-

Here Pc is in mW/cm 3, if Bp is in T and f in kHz. These estimates become poor for Bp approaching saturation.

Application to Inductive Elements

Amorphous and nanostructured magnetic ribbons are transverse magnetically annealed in order to linearize as

much as possible their B-H characteristic and, moreover, to lower the permeability It. This makes the materials useful

to build inductors and flux ratcheting resistant, low remanence transformers for use in inverter circuits. When feasible,
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thiswayofinducingaflattened,orshearedover,B-Hcharacteristicispreferabletothecomplexityandoften
increasedcore loss associated with an air gap.

Review of Figures of Merit

A figure of merit defines what is important for an application and an inductor can have various specialized applica-
tions. Other than low core loss, such application specific figures of merit can disagree on the benefit of a specific core

property. For example, high [.tmaterials can reduce the core size for a given inductance L, but they arc simply not suit-

able for high current inductors because of magnetic saturation. As ta is increased, the winding volume and resistive
losses will be reduced, but the total Q of the inductor will eventually be pulled down by the reduced Q of the core. Here

the complications of overall merits will be avoided by restricting to a few known measures of just the core material

merit that can easily be computed from the presented data.

One frequently mentioned core material figure of merit is the IaQ product, where Q refers to just the core material.

appendix A shows that

p.Q=rt fBp/Pc , (6)

where Pc is the volume-specific core loss. Thus for a given f and B_, this product is a measure of the reciprocal core

loss. If the losses were classical eddy current, then Pc o,: f2 B2 and _Q o,: f-_.
Q itself is a measure of energy storage efficiency, and is computable from equation (6), once [,.tis known. Q can also

be evaluated directly from the core loss waveform data, as indicated below, and equation (6) then gives _. The reader

should recall again that the above Q applies only to the core material and represents the high frequency region of the total

Q of the inductor. At tow frequencies, the winding losses start to dominate and cause the total Q to fall off.
'9

Bmax/l.tl/2, or equivalently, the volume density B]'nax/(2la) of stored energy, is a measure of the merit of a core

material to make up an inductor of a specified L to absorb voltage spikes. Here Bmax is the maximum useable B-field
of the material, as set by iincarity requirements. The basis for this quantity is the relation

,[

Jlv{t)ldt =4Bma x (LV c / _t) 112 , (7)

0

where v(t) is any applied voltage of period x, zero average value, a single zero crossing internal to a period, and V c

is the core volume. This relation gives the volt time area handling capability of an inductor and is derived in appen-

dix A. Its application requires caution, because the simple formula for L (eq. (A19)) shows that, for fixed Vc and L, the

N/7 c will increase as la decreases. A large number of turns per unit mean length of the core can cause problems. For

example, an air core construction may require too thin a wire or have an unacceptably low Q.

Magnetization and Energy Storage Properties

Appendix A applies the usual parallel L-R circuit to model core loss and magnetization properties in the linear

region of the dynamic B-H characteristic of the core. Winding losses would be represented by a resistance in series

with the parallel L-R combination, but that is not relevant here because the voltage is effectively sensed across the

L-R by means of a secondary sense winding that carries negligible current. It then becomes a simple task to assign a !a

and a Q to the core via this L-R model. The Q is available from equation (A6) and the relative permeability _tr from

equation (AI4), since the volt ampere product, Vplp, is here a part of the experimental data.
The [.1,r for 100 kHz is plotted against temperature for the 3 materials in figures 3 to 5. As may be expected for a

linear B-H characteristic, the [arof these materials is not very sensitive to Bp until saturation sets in. This is the interpre-

tation suggested for the drooping with increasing temperature of some of the higher Bp curves. These plots also suggest
that the 500F is qualitatively different from the other two materials. The temperature sensitivity of the lar for the 500F is

of opposite sign and bigger.

The f dependence of the P-r of the 3 materials is presented in figure 6, at 0.10 T and 50 C only. On a log-log scale,

these plots seem to fit the shape of such plots seen in manufacturers' literature: a relatively flat low frequency region,

going into rolioff as f increases and flattening again at high f. It is apparent too that a full illustration of this behavior
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requireswiderfrequencydatathanwasobtained.Theinsensitivityofthe6030FIartof inthe50kHztoI MHzrange
shouldbenotedforresonantinductorapplications.

Thefdependenceof the 3 core materials Q is presented in figure 7, but again only for 0. I0 T at 50 C. Around and

below 100 kHz, the curves drop rapidly with increasing frequency, reaching values less than unity in the case of the

500F and 6025F. Such surprisingly low values can be understood from the fact that the core Q is a composite of both

magnetization and core loss properties, as both equations (6) and (A6) show. Even though the core loss is low, the _tr is

high and such that the lur Pc product grows faster than f at constant Bp. Thus even below 100 kHz, all of these materi-
als may need to be gapped to obtain a high Q.

For applications requiring volt-time area handling capability in an inductor of a given inductance and core volume,

the 6030F has an advantage, according to equation (7), primarily because of its lower permeability.

Summary and Conclusions

100 kHz core loss and magnetization data was obtained over the temperature range of-150 to 150 °C for two

amorphous and one partially recrystallized core materials. All of the selected materials have low magnetostriction
(-0.2×10 -6) and a flat magnetization characteristic induced by transverse magnetic annealing. Each of these was picked

to be representative of a class of commercial products:

I. A relatively low saturation (-0.5 T), cobalt based, amorphous tape, having very low losses and high

permeability (-105 at low frequency).

2. A higher saturation (-0.8 T), cobalt based, amorphous tape having low losses, a relatively low, but perhaps

more stable, permeability (~3× 103) and a higher Curie temperature.
3. A more recently developed, iron based, nanocrystalline tape, featuring some of the desirable soft magnetic

properties of the cobalt based, amorphous tapes, but at a lower cost.

As expected from the manufacturer's literature, the core loss of these materials was indeed very low. At
100 kHz and 0.1 T, this loss was about 50 mW/cm 3, and relatively constant from -150 to 150 °C, for the amorphous

6025F material. This is as good as the best MnZn power ferrites can do at their optimum temperatures. Under these

conditions, the highest loss seen was about 70 mW/cm 3, for the nanocrystalline 500F material. As long as operation

was at low B-fields, the core loss was rather insensitive to temperature in the above range, for all 3 materials. At

higher Break, above say 0.2 T, the significant increase in loss seen above a certain temperature may be attributed to
onset of magnetic saturation, as the effect appeared to be ordered according to the Curie temperatures of these
materials.

A frequency scan of the core loss of these materials showed the characteristics to be the usually seen, more or

less straight lines on a log-log scale. This was done from 50 kHz to about 1MHz, but only at 0. I T and 50 C. The
core loss frequency slope was somewhat less than for an f2 dependence for all 3 of these materials, with the 6030F

being the closest to f2.

A parallel inductor-resistor circuit was used to model the linear magnetization properties of the 3 materials. This

provides simple formulas that assign properties such as the relative permeability P'r and 'quality factor" Q to the core

material from the original exciting current and induced voltage data. The I.trQ figure of merit is shown to be closely

related to the reciprocal specific core loss.

At 50 C and Break = 0.1 T, the relative permeability measured in the frequency range of 50 kHz to 1 MHz for
the three materials ranged from thousands to nearly 105. The permeability of the 6030F material was the lowest and

least sensitive to frequency in the above range. Both of the cobalt based, amorphous materials (6025F, 6030F)

exhibited a permeability increasing with temperature in the -150 to 150 C range, for low B-fields. In contrast, the

permeability of the partially recrystallized, iron-based material (50OF) decreased with temperature.

All three types of materials characterized here are suitable for very low loss, flux ratcheting resistant, high fre-

quency power transformers, but they are not suitable to make up high Q inductors, unless cut and gapped to lower their

permeability. Unfortunately, gapping a tape wound core often leads to a remarkably increased core loss, concentrated

near the cut faces. H. Fukunaga et al. (ref. 7) have attributed the gap loss in cut, Co-based amorphous and Fe-based,

recrystallized tape wound cores to in-plane eddy currents caused by the gap leakage B-field normal to the tape surfaces.

And they have shown that in the case of such materials, the introduction of thin ferrite pole face plates can produce an

inductor core superior to a gapped ferrite.
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Appendix A

Linear Modeling of Core Magnetization Properties

A magnetic core whose material is describable by a linear relation B = gH = p.rla0H, at least for I BI < B s, can be

modelcd by linear circuit elements. Note, however, that hysteresis losses can not be modeled accurately this way. A

parallel combination of inductance L c and resistance Rc will be used here to represent the core. Hence for sinusoidal

excitation, thc relation between the voltage (or its time integral) across the L c - R c pair and the current into this pair

is an ellipse. In the case of a time integrated voltage, this ellipse represents the apparent dynamic B-H hysteresis

loop of the core. Any nonlinearity in the intrinsic B-H characteristic of the core material will be reflected as a distor-

tion of the ellipse. Assuming negligible winding capacitance, thc currcnt measured in the exciting winding (N I

turns) of a test core is the current into the L c - R c pair. And the voltage across this L c - Rc pair is just (NI/N2) times

the voltage sensed by a zero current secondary winding N 2.

Equivalent circuit Q

A general definition of the quality factor Q of an energy storing component is as 2rt times the ratio of the peak
stored energy to the energy dissipated per cycle. For an arbitrary impedance Z (linear 2-terminal network), this can be

shown to give

Q = Ira(Z) / Re(2;) (A I)

For an Rc in parallel with a reactance X c = coLc, one finds that

Q=R c/X c =R c/(rOLe) . (A2)

The magnitude Ip of the peak current into this is related to the magnitude Vp of the peak voltage across Zc by

Ip =(Vp/Re) 2 +(Vp / Xc) 2 (A3)

Noting thai Vp = -,,[2Vnn s, and also recognizing that Vr']ns / R c = Pc is the total core loss, the relation (A3) can be
rewritten into the form

(Vp Ip) 2 =4(Pc) 2 +(Vp / Xc) 2 (A4)

Division of equation (A4) by (2P c)2 then gives

=(vpb) 2
(Rc/Xc)2 t, 2Pc ) -1 ,

(A5)

from which follows immediately that

Q =r(vp._Ip )2 _ 1]1/2 (A6)Lt,2pc )
Equation (A6) determines the core Q in terms of the measured total core loss Pc and the peak voltage and current.

One can also show by applying trigonometric identities to the explicit voltage-current product time function

v(t) • i(t) that the Vplp product is the same as the peak-to-peak value of v(t). i(t):

Vp lp = (v(t). i(t))p_p (A7)
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ThisisusefultoestimatethelimitstoQmeasurementimposedbyinstrumentresolution,sincePc= v(t).i(t).

Formula for the [JQ product

A quick way to arrive at a formula for [JQ (or [jr Q) is to combine the basic peak induced voltage formula

Vp =N 1coA c Bp (A8)

with the inductive reactance formula

Xc =coL c =O_la N _ A c/7 c (A9)

such as to get

Vp/xc--,0vcB2 /[j,

where Vc = 7cA c is the core volume. The Vp can be eliminated from equation (A10), since

#=2RcPc

relates it to the average total core loss Pc. Recalling equation (A2), this last step yields

Q=R c/X c=o_Bp/(2[j_c) ,

where Pc = Pc / V c. The [jrQ product then is

[jr Q=nfBp / (lLt0pc)

(AI0)

(AI I)

(AI2)

(AI3)

Relative permeability JAr of the core material

Equation (AI 3) is immediately useful to get [jr' because Q is available from equation (A6). The result is

'_ 2 '_]1/2[jr [j0 =COBp /[(Vp Ip /Vc) -4_c (AI4)

Volt-time area handling capability

Let a periodic voltage v(t) impressed across an inductance L be such that v(t) > 0 for 0 < t < t I and v(t) < 0 for

tI < t < _:, where _ is the period. Also, v(t-")= 0 is assumed. Since v(t) = 0, the B(t) is periodic and may be assumed,
without loss of generality, to swing between -Bma x and Bma x, where Bma x > 0. Integration of the magnetic induction
law

gives

v(t) = N de/dr = N A c dB/dt

II

_v(t)dt=2NA c Bma x

and 0

f v(t)dt =- 2 N A c Bma x .

|I

Noting the polarity of v(t), the above integrals can be combined in the form

(AI5)

(AI6)

(AI7)
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'l"

J'lv(t)[dt =4N A_ Bm_×
0

The number of turns N can be eliminated from equation (AI 8) by using the simple inductance formula

L=IaN 2A c/_c ,

which then puts equation (AI8) into the final form

T

j'lv(t)ldt =4B,na x (LVc/_)1/2

0

(AI8)

(AI9)

(A20)
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Table I. Physical Properties of the Core Materials Characterized.

Type

6025F

6030F

500F

Composition

(CoFeMo)73(SiB)zv

(CoFeMnMo)7v(SiB)._3

(%

B_ (T)

0.55

0.80

1.2

Tc (C)

210

350

600

Tx (C)

540

48O

P (la_m)

1.35

1.30

1.15

8 (g/cm s)

7.70

7.75

7.35

ks ( 10 -6)

<0.2

<0.2

<0.5

Bs - saturation magnetic induction

Tc - Curie temperature

Tx - recrystallization temperature

p - electrical resistivity

8 - density

_,s - saturation magnetostriction
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Figure 1 .--Losses in amorphous tape-wound cores at selected peak flux densities. Fxcitation: 100 kHz sine

wave. Materials in each Bpeak group, in order of decreasing losses at low temperature: 500F, 6030F, 6025F.
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